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We study a microscopic mechanism of Fe-pnictide superconductor, considering the screening 
effects of Coulomb interaction in addition to the conventional spin-fluctuation mechanism, ft 
is shown that, by electron doping, the transition temperature of superconductivity increases 
due to the "unscreening" effect even though the density of states decrease, while that of spin- 
density wave rapidly decreases due to breaking of nesting conditions. Our results give a clear 
interpretation to the mystery of interrelation between Tc and the density of states observed in 
the Fe-pnictide superconductors. 
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Recent discovery of superconductivity (SC) at high 
temperature in iron-pnictide family of compounds^"^ 
raises the question whether a new mechanism is re- 
sponsible for the SC. The parent compound LaFeAsO 
is metallic but shows an anomaly near 150K in both 
resistivity and d.c. magnetic susceptibility,-^ suggest- 
ing a phase transition to a spin-density-wave (SDW) 
phase. ^ By doping of F ions into O sites, corresponding 
to electron doping, this SDW phase is suppressed and 
then LaFeAsOi-a^Fa; undergoes superconducting tran- 
sition with the highest transition temperature, Tc, of 
^ 26K at 5-11 atom %. The transition temperature in- 
creases by applying pressure^ or replacement of La with 
other rare earth elements. 

The electronic structure of normal state of 
LaFeAsOi_a;Fj: has been revealed by first principle 
calculations as follows. ^"^"^ The calculated density of 
states, N{E), exhibits van Hove singularities above and 
below the Fermi energy, EpJ'^'^'^ N{E) rapidly changes 
near Ep with a negative gradient, dN{E) / dE\E=EY < 0: 
so that N{Ep) rapidly decreases with electron doping.-^'* 
The Fermi surfaces for undoped LaFeAsO consist of two 
high- velocity electron cylinders around the zone edge M, 
two low-velocity hole cylinders around the zone center 
r, plus a heavy three-dimensional (3D) hole pocket 
centered at ZJ' The 3D hole pocket soon disappears 
with electron doping, leaving the two electron and hole 
cylinders, i.e., almost two-dimensional (2D) systems.^' 

There have been several mechanisms proposed for the 
SC of Fc-pnictides.^^' i^^^o Theories based on the detailed 
band-structure, where the tight-binding dispersion (more 
than five bands) is obtained by fitting the first princi- 
ple calculations, have reported that the extended s-wave 
singlet pairing (called as s±) is the most stable. 
The SC gaps fully open on the Fermi surfaces, and the 
SC order parameters change their sign between the hole- 
and the electron-pockets. This SC state mainly originates 
from the nesting between the electron- and hole-pockets, 
which generates the SDW at zero doping. 

Although these theoretical analysis seems to be rea- 
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sonable in explaining several experiments, there are some 
experiments which are difficult to understood. The pho- 
toemission spectroscopy shows that the intensity of the 
spectra at Ep decreases with electron doping, as is ex- 
pected from the band calculations. Nevertheless, does 
not decrease with this electron doping. Moreover, the 
intensity for LaFeAsO0.94F0.06 is smaller than that for 
LaFePO0.94F0.06, though Tc of LaFeAsO0.94F0.06 is much 
higher. These experimental results strongly suggest that 
Tc tends to increase when N{Ep) decreases, which is op- 
posite from the conventional theories of SC. The nuclear 
magnetic relaxation rate, 1/Ti, indicates that 1/TiT (or 
the spin fluctuation) is rapidly suppressed with electron 
doping {x =0.04-0.11), while Tc is hardly affected. It is 
also difficult to explain this result on the basis of the 
spin-fluctuation mechanism. 

This Letter is intended to give a possible solution 
for these mysterious behaviors, which will be essential 
for the superconducting mechanism of Fe-pnictides. We 
shall introduce an idea of "unscreening effect" ; as N{Ep) 
decreases, the screening effect is weakened, so that the 
Coulomb interaction become long-ranged. We show that 
this unscreened effect actually increases Tc, and causes 
the apparently independent behavior of SC from SDW. 

First, we construct an effective model for the Fe- 
pnictide. We adopt the following 2D two-band model in 
order to make our arguments as clear and transparent 
as possible. The key point of the present work is the 
property of N(E), so that we introduce a model which 
reproduces N{E) obtained by the first principle calcula- 
tion of LaFeAsO.^' ^' The electronic dispersion of our 
two-band model is given by 

^ek = a [-2ti {cosK^ + cosKy) + AU]^^^ -f Eg/2 - fi, 

(1) 

where Ki = kia — Qi, a — 1 for the conduction band 
{£ = c), and Ki = kia, a — —1 for the valence band 
{£ = v) with Q = (7r,7r), which corresponds to the M- 
point. We took parameters as ic = 1 eV, — 0.3 eV, 
Eg = -lA eY, a = 4.03552 A.^ N{E) obtained in this 
two-band model is shown in Fig. 1, which reproduces the 




Fig. 1. (Color online) Density of states, N{E), of the two-band 
model. The inset shows the Fermi surfaces for undoped {p, = 
0.2045 eV) case. 



results of the first-principle calculations.^'^' The car- 
rier densities of conduction and valence band are equal, 
when the chemical potential is ft = 0.2045 eV (= fio). 
Hereafter, we measure the chemical potential from the 
undoped case as /i = /2 — /iQ. The inset of Fig. 1 shows 
the Fermi surfaces for /i = 0. There are van Hove singu- 
larities above and below {E ~ —0.6,1.1 eV) the Fermi 
level and the gradient of N{E) is negative near /i = 0. 
N{E) takes its minimum value above the Fermi level 
(E ~ 0.5 eV), where the hole carries disappear. 

With this dispersion, we consider the following model 
Hamiltonian 



electron- and hole-pocket,^® which exactly corresponds 
to the case in the Fe-pnictides.^'' 

We next verify that the unscreening effect actually in- 
creases Tc. For an estimation of T^, we solve the linear 1- 
ized gap equation for two-band, 

')^tanh^, (4) 



Asc Affc = - ^ r«/ (k, k 



Ika 



t'kq 



ik+qa'^e' k-qcr' ''^f kcr' Ceka 

(2) 

where cgka is the annihilation operator of the electron of 
the momentum k and the spin a belonging to the band 
£. V{q) is the Fourier transform of the Coulomb inter- 
action. Here we adopt the 2D form given by V{q) — 
27re^/ [e('7)|'7|],^^' where e{q) is the dielectric function, 
for the theoretical consistency with the 2D two-band 
model of eq. (1). Note that when we adopt the 3D 
form given by V{q) = 47re^/ [e(q)(7^] , the present un- 
screening effect is expected to be also valid and more 
remarkable due to the g^-factor. One usually approxi- 
mates e(q) ~ 1 + Qe/lql, where Qs — 27re^A^(i?F) being 
the inverse of the screening radius (the Thomas-Fermi 
approximation). Then, the Coulomb interaction is given 
as 



V{q) = 



(3) 



Obviously, when N{Ef) decreases, V{q) is strengthened, 
i.e., the screening is weakened due to small N{Ep); we 
call this "unscreening" effects. Such unscreening effects 
have been investigated in the studies of the excitonic 
phase. ^^'^® The transition temperature of the excitonic 
phase takes the maximum when the conduction band 
touches the valence band (e.g., |i?g| — > 0, in the present 
model), namely, N{Ep) vanishes. This is due to the 
unscreening effect. Note that the triplet exciton pair- 
ing is equivalent to the SDW order parameter between 



where the pairing interaction, Tu>, are given for the first 
corrections (Fig. 2) as: 

rfj (fe, fc') 2r^^,(fc, fe') + 4r^^, (fc, k') - ATfl,{k, k'), 

(5) 

r\,,(k, fc') = ^(^" - ^)^('^' - fe")x«'o(fc + k', fc"), 
fc" 

(6) 

rg, (fc, fc') = J2 " '^)^('^' - fe)x«'o(fc - fc', fc"): 
k" 

(7) 

rflik, fc') = - [v{k' -k)]^Yl x«'o(^ - ^")' (8) 

k" 

with xu'oiq, fc) = ife'k-q - hk) I {S.ik - 6'fc-q) and 
being the Fermi distribution function. XcvO(q,fc) is the ex- 
citation of the excitonic pairing. 

The eigenvalue calculated with r^],^(q) is shown by 
a curve with "long range" in Fig. 3 (a). The calcula- 
tions are carried out for the system of 32 x 32 meshes in 
the Brillouine zone. The eigenvalue Age increases by dop- 
ing electrons even though N{Ep) decreases (cf. Fig. 1). 
This behavior is opposite to the conventional BCS mech- 
anism, where Tc is proportional to exp[—l/VN{Ep)]. 
This anomalous increase is due to the unscreening effect. 
Age takes its maximum at around = 0.3 eV. This is 
rather surprising, since the hole pocket is tiny in this case 
and only the electron pocket is sizable (Fig. 3(b)), i.e., 
there is no nesting property. In such a situation, it is dif- 
ficult for the spin-fluctuation mechanism to develop the 
superconducting instability. These features are peculiar 
to the present unscreening mechanism, suggesting that 
the band located near the Ep can contribute to the su- 
perconducting mechanism even if it does not appear as a 
visible Fermi surface. We also find that the gap functions 
are s±-wave, i.e., they are fully gapped and almost con- 
stant on the Fermi surface changing their sign between 
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Fig. 3. (Color online) (a) Eigenvalues of the gap equation, Asc, 
with the long range V(q) (both for singlet and triplet), the con- 
stant gs, and the short range Vo(f = 1-15). (b) Carrier densities 
for electrons and holes. The inset shows the Fermi surfaces for 
= 0.3 cV. 



different bands, sign (Ac) = — sign(Av). The magnitude 
of each gap varies with respect to /i as, roughly speaking, 

^ll^l^N^{E^)lN,{E^). (9) 

Note that the Asc for the odd-parity triplet pairing is 
vanishingly small for whole region. 

If we assume that q^, is independent from /i, Asc has 
a maximum at around /.t = and keeps monotonically 
decreasing with increasing [i, as shown by a curve with 
"gs = const." in Fig. 3 (a). In this case the property of 
Asc is naturally understood within the conventional spin- 
fluctuation mediated SC. From this, we conclude that the 
behavior that Asc takes a maximum away from /i = is 
due to the /i-dependence of gs, i-e., the unscreening effect. 

For comparison, we also study a case in which Vifl) is 
approximated as a q- independent Vo = ^ne^ jeq^ with e 
being the dielectric constant. This Coulomb interaction 
is short ranged and its magnitude depends on /i through 
(/s. The result with Vb(e = 1.15) is shown in Fig. 3 (a) 
denoted by "short range". The behavior of Ago with Vb 
agrees quite well with that obtained with the momentum- 
dependent Coulomb interaction, V((i)- 

The unscreening effect can affect both SC and SDW. 
So here we study the competition between SC and SDW, 
using the q-independent Coulomb interaction, Vo, since 
it reproduces Age obtained by Vici)- We carry out the 
random phase approximation (RPA) for the pairing in- 
teraction in eq. (4) as follows: 



Fig. 4. (Color online) Contour plots of Ag^^ (upper panel) and 
Asc (lower panel) obtained by the RPA with = 2.8). The 

solid line indicates Arc = 1- 



_ Wixiv^{k - k') 

l + 2\^oX«'o(fc-fc')' ^ ' 

where x{q) — J^kXiQ^f^)- For the transition tempera- 
ture of SDW, we obtained the following gap equation 
within the parallel approximation to that of SC, 



AsdwAL = y"rs(fc,fc') 



A' 



k' 



£,vk — Ccfc-Q 



rs(fe,fe'; 



X - I tanh — tanh ^^'^ 
2 \ 2r 2T 

1 - Voxu'o{k - k') 



(11) 

WSxu,o{k-k') 
l + 2Voxu'Q{k-k'y 
(12) 



rf^PA(fe,fc')=Fo 



where Asdw and A' are the eigenvalues and gap function 
of SDW, respectively. 

The results of these RPA are shown in Fig. 4 setting 
e = 2.8.^^' It is clearly seen that the SDW instabil- 
ity is the largest at around ^ = 0, whereas the SC one 
is the largest at around ^ = 0.3 eV. This means that, 
for SDW, the effect of the nesting condition is more rel- 
evant than the unscreening effect. As a result, SDW is 
realized around the undoped case, ^ — Q, and is rapidly 
suppressed by electron doping, while s-|--wave supercon- 
ductivity is replaced. 

Let us discuss implications of the present results to 
the experiments on LaFeAsOi-a^F^:. The behavior that 
Tc increases as N{Ep) (or the intensity of photoemis- 
sion spectra) decreases can be naturally understood 
, /iT/2~ /I /from the present unscreening mechanism. In the case of 

',o(k + k) ^ xu'o{k "fe]^aFeAsOi_^F^, the nesting conditions is best at a; = 

~ ''(tindoped) , since the carrier densities of electrons and 
holes are equal. On the other hand, the unscreening effect 



1 -VoXu'oik + k') l-Vbx«'o(fc 
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Fig. 5. (Color online) Aac as a function of the band hybridization, 
Eg, obtained with the long range V{q) and by the RPA with 
Vb(e = 2.8) for ^J. = 0.3 eV. 



will be most effective when the hole-pockets almost van- 
ish, whose doping ratio is estimated to be x =0.3-0.4.^^ 
These two characteristic features are well separated in 
the doping axis x for LaFeAsOi-ajF^;, resulting in the 
apparent independence of on the spin fluctuation es- 
timated from l/TiT. 

Finally, we give a prediction for further increase of T^. 
Within the unscreening mechanism discussed above, we 
can earn attractive interactions by decreasing N{Ep), 
which have been carried out by changing /i in the previ- 
ous paragraphs. There is another way to control N{Ep): 
N[Ep) can be reduced by decreasing the hybridization 
between conduction- and valence-band, i.e.. Eg. Actually, 
Asc's obtained both by the first correction F^^^ (q) and the 
RPA with Vo(e = 2.8) exhibit the tendency that Tc in- 
crease by decreasing Eg as shown in Fig. 5 (/i = 0.3 eV). 
(Note that the q-dependence is relevant for small |-Eg|, so 
that the difference between the results with long range 
V{q) and short range Vq become large. At any rate, it is 
certain that Age increases with decreasing |-Eg|.) At the 
present stage, a practical way to control Eg is unknown, 
but it could be actualized by, e.g., applying (chemical) 
pressure.'^ 

In conclusion, we have proposed a new mechanism 
for Fe-pnictide superconductor — the unscreening effect. 
The direct Coulomb interaction is strengthened when 
N(Ep) decreases since the screening becomes ineffec- 
tive. As a result, increases with decreasing N{Ep). 
This is opposite from the previous theories of super- 
conductivity, where the unscreening effect is neglected. 
The gap exhibits the s±-wave symmetry, where the full 
gap is opened on the Fermi surfaces and their signs 
are opposite between the conduction- and valence-band. 
The magnitude of the gap roughly obeys A^/A^ ~ 
N,{Ep)/N,{Ep). 

Tc takes its maximum when the hole pockets almost 
vanish (/i ~ 0.3 eV in the present model). On the 
other hand, the SDW instability is the largest at around 
fi = (undoped), since the SDW is much sensitive to 
the nesting property than to the unscreening effects. 
Consequently, the optimal doping for the SC is away 
from that for the SDW, due to the different sensitive- 



ness to the unscreening and nesting conditions. These 
results explain the mysterious experimental results of 
photoemission and the nuclear relaxation rate. Tc can 
be also increased by reducing the hybridization between 
conduction- and valence-band. Furthermore, the present 
results is valid not only for the Fe-pnictides but also for 
the semimetal superconductors in general, namely, our 
theory indicates that the semimetals can be candidates 
for "high-Tc" superconductors due to the unscreening ef- 
fect. 
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